The correlation between volume embolization ratio (VER), the percentage of aneurysm volume occupied by coils, and aneurysm stability after endovascular treatment with platinum coils was studied in 86 patients who underwent embolization of 88 cerebral saccular aneurysms with standard platinum coils between March 1997 and January 2003. Radiographic follow up was possible of 62 aneurysms with greater than 70% obliteration on immediate post-procedure angiograms for more than 6 months. Immediate post-procedure evaluation found that 12 of 14 small (º4 mm), 12 of 38 medium (4-º10 mm), and two of 10 large (AE10 mm) aneurysms had high (AE25%) VER. In addition, the VER was high in 22 of 40 aneurysms with small (º4 mm) and four of 22 with wide necks (AE4 mm). Evaluation of 57 aneurysms at 6 months after coil embolization found recanalization in two of 25 aneurysms with high VER and 21 of 32 with low (º25%) VER, indicating that aneurysms with high VER are significantly more stable than those with low VER (p º 0.01). VER strongly affects aneurysm stability, so high VER is desirable and a useful predictor of aneurysm stability.
Introduction
Endovascular treatment of aneurysms with Guglielmi detachable coils (GDCs) 2) is used to isolate aneurysms from the cerebral circulation and to facilitate clipping. The coils promote formation of thrombi in the aneurysm cavity and prevent blood flow into the sac. Following thrombus organization, the aneurysm orifice becomes endothelialized. However, failure of these processes and coil compaction may result in aneurysm recanalization and growth, 3, 4, 6, 13) so even immediate post-embolization angiographical evidence of complete aneurysm obliteration does not guarantee a good long-term outcome. Significant predictors of post-treatment recanalization or regrowth include large size, wide neck, rupture, and suboptimal immediate angiographic results. 1, 3, 7, 10, 12) Assessment of volume embolization ratio (VER), the percentage of the aneurysm sac occupied by coils, is valuable for immediate postoperative evaluation, and a VER of 25% is indicative of a high recurrence risk. 5, 11, 14) The present study examined the correlation between the long-term stability of aneurysms treated by endovascular embolization and the immediate postoperative VER.
Patients and Methods
A total of 86 patients with 88 cerebral saccular aneurysms underwent endovascular embolization with GDC in our department between March 1997 and January 2003. Of these, 60 patients with 62 aneurysms, 45 women and 15 men aged 26-88 years (mean 60.4 years), were included in our follow-up studies. The aneurysms consisted of 21 ruptured and 41 unruptured aneurysms, of which four manifested mass effect and were symptomatic (Table 1) . Of the 62 aneurysms, 42 were located in the anterior and 20 in the posterior circulation. The most common location was the paraclinoid segment, but all paraclinoid aneurysms were unruptured. The maximum diameter of the aneurysm and aneurysm neck were measured on angiograms: 14 aneurysms were classified as small (º4 mm), 38 as medium (4-º10 mm), and 10 as large (AE10 mm); 22 had wide (AE4 mm) and 40 had small (º4 mm) neck. Our treatment of choice is surgical clipping. However, endovascular treatment was performed in patients with advanced age or poor medical condition, patients refused to undergo clipping, and patients with aneurysms that were technically difficult to clip. Heparin was given as an intravenous bolus of 3000 U, then delivered continuously intravenously. Activated clotting time was controlled at 200-240 second intervals during the embolization procedure, and at 180-220 second intervals during the first 12 hours post-embolization. It was tried to insert GDCs into the aneurysm cavity until it was no longer visible by intraoperative angiography.
This approach failed in 17 of the 88 aneurysms. The microcatheter could not be introduced into the aneurysm sac due to its relationship with the parent artery in one aneurysm, the first coils could not be positioned without migration into the parent arteries in seven wide-neck aneurysms, and nine aneurysms were small or medium and had a low neck:dome ratio. The remaining 71 aneurysms could be embolized with one or more coils.
The degree of occlusion was assessed by two neurosurgeons with over 10 years of experience with endovascular procedures. The operating surgeon did not participate in this assessment. Occlusion of more than 95% was recorded as complete, and above 70% and below 95% as partial. Immediate post-embolization angiography showed that obliteration was below 70% in nine aneurysms (2 small, 5 medium, 1 large, and 1 giant). These aneurysms were considered to require further treatment. Obliteration of 70% or more was achieved in 62 aneurysms, which were included in our assessment of the correlation between the VER and aneurysm stability.
VER was expressed as coil volume/aneurysm volume, where the coil volume was calculated as a primary cylinder. The aneurysm was considered to be ellipsoid and its volume was calculated from angiograms with the equation:
VER of AE25% and º25% was considered high and low, respectively.
Coil compaction and aneurysm growth were evaluated by flat-plate skull radiography, and conventional or magnetic resonance (MR) angiography. Aneurysms were judged unstable if radiography revealed coil mesh deformation, if angiography or MR angiography revealed an increase in the area of contrast enhancement, or if post-procedure rupture occurred.
All values are expressed as mean ± SD. x 2 tests were used for statistical analyses. Statistical significance was assigned to values of p º 0.05 and p º 0.01.
Results
Immediate post-procedure angiography showed that 40 of the 62 aneurysms were completely and 22 were partially occluded. Complete obliteration was achieved in six of 10 large, 22 of 38 medium, and 12 of 14 small aneurysms. High VER was found in 24 of the 40 completely obliterated aneurysms, but only two of the 22 partially embolized aneurysms (p º 0.01).
High VER tended to occur in small aneurysms and aneurysms with a small neck: 12 of 14 small, 12 of 38 medium, and two of 10 large aneurysms; and 22 of 40 with small neck and four of 22 with wide neck (p º 0.01). There was no significant difference in the VER between ruptured and unruptured aneurysms: 17 of 41 unruptured and nine of 21 VER and Aneurysm Stability ruptured aneurysms had high VER. Follow up was possible for 57 of the 62 aneurysms until the manifestation of rerupture, regrowth, or coil compaction, or for at least 6 months after embolization (mean ± SD 25.0 ± 17.5 month). Five cases were lost to follow up because the patients moved out of the area.
The rate of instability was assessed in the 57 followed-up aneurysms: 12 small, 35 medium, and 10 large. None of the small aneurysms became unstable, whereas 15 of the medium and eight of the large aneurysms manifested instability during follow up (p º 0.01). Furthermore, nine of 36 smallneck and 14 of 21 wide-neck aneurysms became unstable (p º 0.01). In our follow-up series of 57 aneurysms, 40 were unruptured and 17 were ruptured, and 15 of the former and eight of the latter were unstable, but the difference was not statistically significant (Table 2) . Recanalization occurred in 12 of the 37 completely obliterated aneurysms and 11 of the 20 partially obliterated aneurysms, with no statistically significant difference.
Recanalization occurred in two of the 25 aneurysms with high VER and 21 of 32 aneurysms with low VER (p º 0.01). Eleven of the 13 medium aneurysms with high VER were stable. On the other hand, only nine of 22 medium aneurysms with low VER were stable. Both large aneurysms with high VER were stable whereas all eight large aneurysms with low VER were unstable, suggesting that high VER was predictive of stability, irrespective of aneurysm size (p º 0.05) ( Table 3 ). Ten of the 12 small aneurysms had high VER and two had low VER. As all small aneurysms were stable, VER did not appear to be indicative of aneurysm stability although the sample size of small aneurysms with low VER was too small to draw significant conclusions.
VER was high in 23 of the 37 completely obliterated aneurysms, and these aneurysms were statistically more stable than those with low VER (p º 0.01). Recanalization occurred in two of 23 aneurysms with high VER and 10 of 14 with low VER (Table 4) .
Discussion
The present study found that the rate of recanalization was 32% for aneurysms that were completely obliterated on immediate post-procedure angiograms and 55% for those incompletely obliterated, a difference which was not statistically significant. Recanalization was reported in 28.6% of 89 completely and 32 almost completely embolized aneurysms during long-term follow up. 12) Aneurysm size may be an important factor in recanalization and a good outcome is difficult to obtain by coil embolization of aneurysms larger than 10-15 mm. 1, 3, 7, 10, 12) The rate of recurrence is 21.3% for aneurysms measuring between 3 and 9 mm, and significantly higher at 50.6% for aneurysms larger than 10 mm. 10) None of the 12 small aneurysms in our series manifested post-treatment growth or coil compaction, whereas eight of the 10 large aneurysms and 15 of the 35 medium aneurysms recurred. Based on our findings, we suggest that small aneurysms can be expected to remain stable if they are at least partially occluded by endovascular embolization. 1, 3, 7, 10, 12) In our series, aneurysms with wide necks had a significantly higher recanalization rate (67%) than those with small necks (25%). As the former are subject to stronger hemodynamic shear stress and
tight coil packing is difficult to achieve, these aneurysms tend to be unstable. 3, 7, 10) Although ruptured aneurysms are reportedly at increased risk for recurrence, 1,10) we did not find any statistical difference in our series. On the other hand, the incidence of recanalization was higher among ruptured than unruptured aneurysms (47% vs. 38%) in our series. Among 169 aneurysms, 17% of ruptured and 7% of unruptured aneurysms recurred. 1) Delayed clot lysis in ruptured aneurysms may result in coil changes, placing these aneurysms at increased risk for recurrence. 1) The VER may be an important factor in aneurysm recurrence. Study of the VER in glass tube aneurysm models found that the maximum VER was 32-33.3% when platinum coils were introduced into the aneurysm sac. Adequate obliteration of silicone models of side-wall aneurysms with platinum coils requires maximal and minimal VER of 30-36% and 26-33%, respectively. 9) In clinical studies, high VER was difficult to obtain in large and wide-neck aneurysms, and VER greater than 25% was thought necessary to achieve stability in aneurysms treated by endovascular embolization. 5, 14) We obtained high VER in 86% of the small, 32% of the medium, and 20% of large aneurysms, indicating that high VER was more difficult to obtain in larger aneurysms. While only 8% of the aneurysms with high VER recanalized, 66% of those with low VER recurred.
All of the 12 small aneurysms were stable in our series, which we attribute to the high VER achieved in these lesions. Medium aneurysms with low VER were four times more likely to recur (15% vs. 59%), suggesting that the VER may be the most important factor influencing recanalization in medium aneurysms. High VER is difficult to obtain in large aneurysms and some of these lesions may not be treatable by endovascular methods. Two of the 10 large aneurysms in our series had high VER and both were stable, whereas the other eight had low VER and all recanalized.
The rate of instability was significantly higher among completely obliterated aneurysms with low than with high VER (71% vs. 9%). After the introduction of solid coils into the aneurysm lumen, clots form in the remaining dead space and the complex of coils and clots fills the aneurysm sac, thereby preventing the inflow of blood into the aneurysm cavity. To maintain this condition, a VER of 25% or greater should be the goal of endovascular embolization. 5, 11, 14) However, this requirement is difficult to fulfill with currently available coils if the aneurysm is large. The development of a new generation of bioactive embolization coils promises further improvements in the long-term outcomes of patients with aneurysms. 8 
Commentary
This paper provides further evidence in support of the hypothesis that long term stability of coil obliteration is related to initial volume obliteration of the aneurysm. Yagi et al. have shown that the volume embolization ratio (VER), a rigorous mathematical index of percentage volume of aneurysm obliterated by the coil mass, is a statistically significant predictor of subsequent stability of coiling (i.e. lack of``recanalization,'' defined as coil compaction, aneurysm growth or refilling). A VER threshold below 25% was empirically defined as predicting high recanalization risk (2/25 cases or 8% recanalization with VER of 25% or more, versus 21/32 cases or 66% recanalization with VER º 25%). It is not clear if this was a continuous predictive variable or a threshold variable. Is a VER of 24% as bad as 12%, and clearly better than 26%? I suspect that the numbers were too small to perform threshold statistics. The results are not surprising, confirming once again that an incompletely embolized lesion is an unstable lesion, with growth rates exceeding 65% during a mean follow up of 25 months -a far higher rate of aneurysm growth than ever recorded in any natural history study, especially for unruptured aneurysms. The use of VER, although mathematically difficult and perhaps impractical, was a more sensitive predictor of aneurysm instability than a qualitative assessment of``completeness of obliteration'' on immediate post-coiling angiography. There was only 32% versus 55% prediction of recanalization in cases with complete versus incomplete obliteration, a less predictive difference, and not statistically significant.
The predictability of VER was not solely reflective of aneurysm size, at least with regard to large aneurysms. Both large aneurysms with high VER did not recur, while all 8 large aneurysms with low VER recanalized. Unfortunately, the same cannot be said of the value of VER in smaller aneurysms, as all small aneurysms were stable, and the fraction of small aneurysms with low VER was too low for statistical reliability.
So it may be useful to calculate VER after coiling larger aneurysms, and use it as a prognostic factor in predicting recurrence, hence influencing frequency of surveillance and threshold for retreatment. We do need more data on the value of VER as a continuous variable in different ranges, and more specifically in smaller incompletely obliterated lesions. The authors are to be commended for having undertaken a meticulous retrospective study to evaluate the stability of aneurysms after GDC coiling procedures. They concluded that a mathematically calculated parameter, the so-called volume embolization ratio (VER), is a useful predictor of aneurysm stability. A high VER (exceeding 25%) is associated with aneurysm stability, whereas a low VER may predict post-procedural recanalization or aneurysm regrowth. Moreover, aneurysm size and the size of the aneurysm neck also influence the post-treatment stability of these vascular lesions.
From the clinicall point of view, this study raises a number of questions which I would have wished to be addressed in this paper: what is the practical significance of an``unstable'' aneurysm? What is the rate of rerupture in such an``instable'' aneurysm? These questions are important particularly in light of the clinical selection made by the authors. Patients in good clinical condition and those of younger age were obviously treated surgically while patients with advanced age or poor medical condition underwent GDC coiling procedures. It remains unclear whether post-procedural partial refilling in a patient of, for instance, 70 years of age with a previously unruptured aneurysm, should be considered a serious clinical condition requiring a new treatment (recoiling or aneurysm clipping). It also remains unclear whether aneurysm growth or partial recanalization of a paraclinoid aneurysm should be treated, for instance because it compromises the optic nerve. I would like K. Yagi et al.
to encourage the authors to continue their study and provide the answers to these clinically important questions.
Helmut BERTALANFFY, M.D. Department of Neurosurgery Philipps University Hospital Marburg, Germany
In this interesting study, the authors set out to treat 88 aneurysms with GDCs, with failure in 17, most often because of a wide neck or a low aspect ratio. Of the other 71, obliteration of more than 70% was obtained in 62, and was complete or over 95% in 40. The volume embolisation ratio, that is the ratio of the true cylindrical volume of the coils used to the calculated volume of the aneurysm sac, was calculated for these 62 aneurysms, and was high (more than 25%) in significantly more of the``completely'' occluded aneurysms (55% vs 9%). As one would expect, a high VER was more likely in small or narrow-necked aneurysms. Fifty-seven of these 62 aneurysms were followed for at least six months. Predictors of recurrence, or instability, included large aneurysm size and wide neck, but apparent completeness of initial occlusion was not a significant predictor despite recanalization in 55% of partially and 32% of completely occluded aneurysms. The calculated VER was on the other hand more accurate in prediction -4% of 25 aneurysms with high VER recurred versus 66% of the 37 with low VER. The combination of apparent complete obliteration and a high VER was the best predictor of stability regardless of aneurysm size, with 91% stable over the followup period.
In this series, the usual factors such as aneurysm size, neck width and completeness of initial obliteration were of some value in predicting stability. The addition of VER was useful in improving the accuracy of prediction, especially when VER was high. It is interesting that a ratio of coil volume to aneurysm volume as low as 25% should constitute a``high'' VER, but as pointed out in the discussion, including in vitro aneurysm models, the maximum obtainable ratio is not much over 30%. The VER can be calculated reasonably accurately from the known volume of a coil cylinder and the three measured axes of an aneurysm sac, and in this study it appears considerably more accurate and useful than the estimated percentage completeness of obliteration.
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